Crack tip dislocations in silicon single crystals were observed by combining high-voltage electron microscopy and electron tomography. Cracks were introduced by an indentation method and dislocations were introduced around the crack tip by keeping the indented sample at high temperatures for several hours. The number of dislocations emitted from the crack tip was controlled by changing the holding time of the indented specimen at high temperatures. The dislocations observed were characterized in detail. It was found that primary emitted dislocations all had the same Burgers vectors and that some dislocation segments cross-slipped around the crack. The local stress intensity factor due to dislocations was calculated, basing on the dislocation character obtained in this study, indicating that emitted dislocations shields mode I, II and III stress intensity at the crack tip. After the emission of the number of those dislocations, dislocations with another Burgers vector were emitted around the crack. It was found that those dislocations accommodate mode II and III stress components which are the excess shielding fields due to the dislocations primary emitted from the crack tip.
Introduction
Increasing fracture toughness is one of the most important issues to enhance the reliability for their utilization mainly as structural materials. The theoretical background of increasing toughness was developed basing on the interaction between a crack tip and dislocations. 1, 2) The increase in fracture toughness is understood by the stress accommodation at the crack tip due to dislocations emitted, which is termed ''crack tip shielding''.
3) The amount accommodated is dependent not only on the Burgers vector of the emitted dislocations but also on the spatial distribution of dislocations around the crack tip. It is essential to elucidate the threedimensional spatial distribution of dislocations around the crack tip in order to understand the mechanism behind the enhancement of fracture toughness. Bulatov et al. 4) demonstrated three-dimensional distribution and multiplication process of dislocations around a crack tip in molecular dynamics. However, direct observation of crack tip dislocations is limited so that the experimental validation of the dislocation process around the crack is still lacking.
Electron tomography is one of the methods to clarify the three dimensional structure of materials, which has been recently applied to the observation in the field of materials science where it was first used to reveal the morphology of precipitates, second phases etc., in crystalline materials. [5] [6] [7] [8] [9] Diffraction contrasts have been intentionally avoided for those observations as much as possible since they reduce the quality of reconstructed images. Recently, the diffraction contrast is rather used positively to obtain the three-dimensional structure of lattice defects, such as dislocations. [10] [11] [12] [13] [14] The three-dimensional structure of dislocations can be given by maintaining the diffraction constant during the acquisition of the tilting series. In the present study, crack tip dislocations in a silicon single crystal was observed by combining highvoltage electron microscopy [15] [16] [17] (HVEM) and electron tomography. 18) The local stress intensity factor was calculated in order to elucidate the early stage of the dislocation process around at the crack tip.
Experimental
P-type (001) silicon wafers which are commercially available were employed in this study. Cracks were introduced at room temperature by using a Vickers indenter with a load of 200 g and a dwell time of 5 s. The indented specimen was heated up to between 973 K and 1023 K with the heating rate of 0.083 K/s and held at the temperature for 3.6 ks to 8.4 ks in order to control the dislocation density. The crack tip region was thinned to electron transparency by the use of a Gatan 691 ion mill. Diffraction contrast images of the dislocation structure were acquired approximately every 2 over an angular range approximately 75
. The diffraction vector, g, was maintained close to 220 during the acquisition of images by adjusting the [110] direction of the sample to be parallel to the tilt axis of the holder. The observation was performed by using a HVEM (JEOL, JEM-1300NEF) at the Research Laboratory for High Voltage Electron Microscopy at Kyushu University with an accelerating voltage of 1250 kV. direction. The diffraction vector, g, was set to be 220 where the diffraction condition is slightly shifted from the exact Bragg condition. Dislocation arrays lying above and beneath the crack are those forming stacking faults which came from an indent. They are not directly with respect to the dislocation process at the crack tip so that they are ignored in this study. There are four dislocation segments in front of the crack and both wakes of the crack, respectively. This configuration of dislocation is considered to show the very early stage of dislocation emission at the crack tip. The Burgers vector of those dislocations, except for one indicated by an arrow, was determine to be a=2½011 by g Á b analysis, where b is the Burgers vector and a is the lattice parameter. The Burgers vector of the dislocation segment indicated by the arrow in the figure was determined to be a=2½1 1 10. The specimen was tilted from À31 to 43 in a specimen holder with respect to the [110] direction, which demonstrated that the dislocation segments with the Burgers vector of a=2½011 are on the ð1 1 11Þ plane. Two segments being the wake of the crack are cross-slipping to the ð11 1 1Þ plane. The dislocation configuration is summarized in (b). It was found the dislocations cross-slip even though the early stage of dislocation process around the crack tip. Figure 2 shows a BF image of dislocations around a crack, where the incident beam direction is [001] and the diffraction vector was set to be 220. Much number of dislocations is observed around a crack tip. All dislocations in (a) are traced and schematically shown in (b). The specimen was titled in the specimen holder from À36 to +39 with respect to the [110] direction in order to determine the slip planes of those dislocations. The snapshots from the titling angles of À27
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, À17 , À9 , À5 , À1 , 7 , 13 , 23 and 33 are shown in Fig. 3 . The Burgers vector of the dislocations were also determined by g Á b analysis. The Burgers vectors of dislocations drown in solid and dashed lines in (b) are a=2½011 and a=2½110, respectively. The dislocations numbered -and -are on the ð1 1 11Þ planes while those numbered -are cross-slipping from ð1
1 11Þ planes to ð11 1 1Þ planes, the dislocation configuration of which are exactly the same as those in Fig. 1 as well as the fact that one part of dislocation segments adjacent to the crack are cross-slipping. This means that the dislocation structure in Fig. 2 demonstrates that the dislocation emission process is proceeded from that in Fig. 1 . The more number of dislocations was emitted from the crack tip, following the same cross-slipping process shown in Fig. 1 . The cross-slipped segments pile up adjacent to the crack. It is to be noted that the dislocation segment numbered is double cross-slipping between coplaner the ð1 1 11Þ planes. The short segment indicated by an arrow in (b) is on the ð11 1 1Þ plane. The double cross-slipped segment is bowing out toward the bottom in the figure, which can be a Frank-Read source to multiply the dislocation density ahead of the crack. The dislocations numberedare on the ð1 1 11Þ plane, which moved from the indent and are not directly with respect to the crack tip dislocation process so that they are ignored in this study. 
and 40 . The Burgers vector of the dislocation segments drawn in solid lines are a=2½011 while those dashed lines are a=2½101. The tilt series revealed that the dislocations ahead of the crack (labelled as ) are on the ð1 1 11Þ planes while those adjacent to the crack tip (labelled as ) are crossslipping from the ð1 1 11Þ planes to ð11 1 1Þ planes, the dislocation configuration of which are also exactly the same as those in Fig. 1 and dislocations numbered -in Fig. 2 . The dislocations locating the wake of the crack (labelled as ) are on the ð 1 111Þ plane. It indicates that the dislocation structure seen in Fig. 4 is one which slightly proceeded from that in Fig. 2 following the same dislocation process at the crack tip, i.e., dislocations with the Burgers vector of a=2½011 (those labelled and ) were firstly emitted from the crack tip at the initial stage of dislocation emission from the crack tip, followed by the emission of dislocations with the Burgers vector of a/2[101] (those labelled ).
TEM observations from Figs. 1 to 5 indicate that there are two steps observed in the primary dislocation process around the crack tip, i.e., the emission of dislocations with the Burgers vector of a=2½011 on the ð1 1 11Þ plane, followed by the emission of dislocations with the Burgers vector of a=2½101 on the ð 1 111Þ plane. The former group of dislocation is named ''first type dislocations'' and the latter group is named ''second type dislocations'' hereafter in this paper. It is interesting to discuss the emission process around the crack tip, especially the necessity for the selection of the dislocation character of the second type dislocations. The cracks was introduced by indentation in this study so that it is expected that the cracks should be mode I dominant although it is inevitable to completely exclude mode II and III components during the indentation process. 19, 20) The dislocations observed in this study are expected to accommodate the stress intensity due to an external applied stress so that the inverse sign of the local stress intensity factor due to dislocations, k D , is considered to reflect the K-field induced by the external stress at the crack tip. [21] [22] [23] Therefore, the values of k D for the first type dislocations were calculated first.
Setting the z-axis along to the crack front and taking into account the three-dimensional nature of the dislocation structure as well as the effect of free surfaces belonging to the crack plane, the value of k D ( = I, II, III) at position z 0 along the z-axis is: 
where is the shear modulus;
jk is a second partial differential with respect to j and k of the Bueckner potential, G, which is given by: Figure 6 shows a schematic drawing of a dislocation loop at the crack tip, which is used for the calculation of k D in the present study. The dislocation loop holds hexagonal with the segment length of 1 mm. The epicentre of the loop locates the origin of the z axis which is given by O in Fig. 6 . The Burgers vector and the slip plane of the dislocation loop are a=2½011 and ð1 1 11Þ, respectively, which are the same as those obtained in Fig. 1 . Figure 7(a) shows the values of calculated k ID , k IID and k IIID at the position z 0 on the z-axis, respectively, for the first type dislocations. Negative values of k ID , k IID and k IIID inside the dislocation loop indicate the existence of the stress intensities at the crack tip, which was induced by the displacements around the crack as shown in Figs. 8(a), (b) and (c), respectively. The stress components which induce the displacements are also denoted in the figure. It is to be noted that the absolute value of k ID is the highest at the centre of the dislocation loop (the origin of the coordinate in Fig. 6 ) among the values of k D , which indicates that the mode I tensile is the largest component at the crack tip in this study as expected.
k D values for the second type dislocations were also calculated where a 1 mm dislocation loop locates at the crack tip as that in following the first type dislocations, can be explained by the following speculation. When a pure mode I displacement is applied on the crack, a dislocation emitted from the crack has not only the component of k ID but also those of k IID and k IIID . It is due to the geometrical relation between slip systems and a crack plane in silicon. If {110} slip planes are symmetric to a {001} crack such as MgO, 21, 25) the Burgers vector of which is a=2h110i, dislocations are emitted alternately in two different slip systems even at the early stage of dislocation process around the crack tip. k IID and k IIID are cancelled by dislocations of different slip systems, which leads to the net result of the lone mode I accommodation. In silicon crystals, if the crack had the pure mode I displacement, several slip systems would be also activated at the early stage of dislocation process and the net result of the stress accommodation would be only that for mode I. However, cracks introduced by the indentation method are not pure mode I crack and have mode II and III components as mentioned before so that the first type dislocations would have kept emitted for a while to accommodate the mode II and III components. It is speculated that the second type dislocations were started to emit when mode II and III components would have been completely accommodated by the first type dislocations.
Conclusion
HVEM-tomography was carried out in order to elucidate the early stage of dislocation process at the crack tip. The dislocations observed were characterized in detail. The following findings were obtained: (1) The dislocations emitted from the crack tip easily crossslipped adjacent to and ahead of the crack even though the very early stage of the dislocation process. (2) There were two types of dislocations emitted around the crack at the initial stage of dislocation process around the crack tip. (3) The calculated local stress intensity factor due to dislocations indicated the negative values of k ID , k IID and k IIID for the first type dislocations, and the negative value of k ID and the positive values of k IID and k IIID for the second type dislocations. (4) The trigger of the emission of second type dislocations could be the completion of the stress accommodation of mode II and III components by the fist type dislocations.
